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1.  Introduction 

This  application  note  introduces  the  concepts  of  opto-microwave  signal  processing  used  in  several 
communication  systems  today.  Emphasis  is  placed  on  optical-microwave  up-  and  down  conversion 
techniques. 

In  today’s  and  future  mobile-  or  local  area  networks  (LAN)  there  is  a need  for  optically  supported  network 
technologies  with  a few  sophisticated  central  stations  serving  a big  number  of  quite  simple  and  cheap  optical 
terminals,  such  as  small  base-stations  in  millimeter-wave  optical-wireless  local  multipoint  distribution  systems 
(LMDS),  computer  or  CATV  networks.  The  right  answer  for  all  of  these  challenges  is  the  subcarrier 
modulated  optical  transmission. 

The  subcarrier  optical  data  transmission  method  offers  several  advantages  over  the  generally  applied  TDMA 
(time  division  multiple  access)  system.  In  a TDMA  system  the  transmitters  of  the  stations  are  operated  on  a 
time  sharing  basis.  In  the  receivers  direct  optical  detection  is  used.  In  a high  bit  rale  data  communications 
network  a digital  signal  processing  system  with  complete  capacity  should  be  applied  both  in  the  transmitters 
and  in  the  receivers.  That  is  a big  disadvantage  which  limits  the  future  enhancement  of  the  network  capacity. 

In  case  of  the  subcarrier  type  optical  data  communications  the  transmission  capacity  of  the  network  can  be 
increased  by  applying  new  subcarriers,  and  thus  the  digital  signal  processing  system  can  be  kept  with 
unchanged  bit  rate.  The  transmitters  are  used  in  a continuous  operation  and  in  the  receivers  a heterodyne  type 
. detection  can  be  applied  which  provides  a lower  noise  figure.  The  continuous  operation  of  the  transmitters 
makes  possible  several  connections  working  at  the  same  time. 

The  present  method  used  for  reception  is  rather  complex  and  therefore  somewhat  troublesome  because  it 
applies  a tuned  filter.  Utilizing  an  opto-microwave  mixer  there  is  no  need  for  a tuned  filter  and  thus  it  is 
suitable  for  monolithic  integration. 

1.1.  Subcarrier  type  data  communications 

The  principle  of  the  subcarrier  type  data  communications  is  presented, first.  Each  transmitter  has  its  own 
subcarrier  frequency  (or  frequencies);  however,  the  receivers  are  tuned  to  make  connection  with  any 
transmitter.  Thus  there  is  no  need  for  switching  in  the  network  because  the  requested  connection  is  established 
by  tuning  the  receiver  to  the  wanted  subcarrier  frequency. 

To  establish  a connection  between  the  stations  a signaling  channel  and  a central  control  unit  are  applied  [1], 
[4],  An  individual  subcarrier  serves  for  that  purpose  applying  on/off  modulation  with  a low  bit  rate  and  time 
sharing  for  the  transmitters  and  receivers.  A control  unit  has  a photodetector  for  the  reception  of  the  calling 
signals  coming  from  the  transmitters.  The  control  unit  emits  ringing  signals  and  control  signals  for  the 
receivers.  The  control  signal  contains  the  information  which  subcarrier  frequency  has  to  be  received  by  the 
specific  receiver. 

The  block  diagram  of  the  transmitter  is  shown  in  Fig.  1.  The  information  signal  is  modulating  the  subcarrier 
frequency.  The  signaling  information  is  transmitted  in  a similar  way.  The  subcarrier  frequency  of  the  signaling 
channel  is  the  same  for  all  of  the  transmitters  and  receivers.  That  common  signaling  channel  is  used  on  a time 
sharing  basis.  However,  the  subcarrier  frequencies  of  the  information  channels  are  different. 
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Fig.  1 Block  diagram  of  the  transmitter 

The  block  diagram  of  the  receivers  is  shown  in  Fig.  2.  The  received  optical  signal  is  detected  by  a photodiode 
and  the  required  channel  can  be  selected  by  a tuned  filter.  A tuned  oscillator  is  used  for  further  down- 
conversion.  The  calling  and  controlling  signals  are  received  in  the  signaling  channel  which  is  transmitted  via  a 
fixed  frequency  subcarrier,  and  therefore  a fixed  filter  is  used  in  the  signaling  channel. 

As  Fig.  2 shows  in  the  conventional  direct  detection  optical  receivers  there  is  a need  for  a tuned  filter  which 
makes  the  high  quality  realization  and  MMIC  integration  quite  difficult.  Using  an  opto-microwave  mixer  in 
place  of  the  photodetector  heterodyne  reception  scheme  can  be  obtained. 
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Fig.  2 Block  diagram  of  the  receiver 

The  block  diagram  of  the  new  receiver  is  shown  in  Fig.  3.  Instead  of  a detecting  photodiode  a mixing  device 
(FET  field  effect  transistor,  HEMT  high  electron  mobility  transistor,  UMZ  unbalanced  Mach-Zehnder 
modulator,  PIN  diode)  is  used  for  combined  optical-microwave  mixing.  In  such  mixers  the  signal  of  the  tuned 
local  oscillator  and  the  subcarrier  of  the  modulated  light  are  mixed  with  each  other  by  the  device 
nonlinearities.  ~ 

The  microwave  local  oscillator  is  tuned  to  an  off-set  frequency  of  the  subcarrier  to  be  received.  Thus 
heterodyne  reception  is  obtained.  The  unwanted  other  subcarriers  are  suppressed  by  filtering.  As  seen  the  new 
arrangement  of  Fig.  3 is  simpler  than  the  more  conventional  one  of  Fig.  2.  In  the  new  arrangement  there  is  no 
tuned  filter  which  is  a big  advantage. 


Fig.  3 Block  diagram  of  the  receiver  with  opto-microwave  mixer 
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2.  Opto-microwave  mixing  by  MESFETs 

This  chapter  presented  here  concerns  the  mixing  of  a microwave  signal  with  a modulated  optical  signal  in  a 
MESFET.  A brief  theoretical  analysis  of  the  mixing  mechanism  is  given  in  terms  of  the  input  signal 
.parameters  and  device  characteristics.  Experimental  results  for  the  IF  response  of  the  MESFET  as  a function 
of  RF  frequency,  incident  optical  power,  optical  modulation  depth  and  gate  bias  voltage  are  shown. 

The  basic  motivation  for  the  research  presented  here  is  the  chip-level  integration  of  microwave  and  photonic 
components.  It  is  demonstrated  that  a microwave  signal  can  be  mixed  with  a modulated  optical  signal  in  a 
MESFET,  the  most  commonly  used  device  in  MMIC’s,  for  the  up-  and  down-conversion  of  microwave 
signals. 

2.1.  Photoresponse  of  the  MESFET 

The  following  discussion  is  based  on  recent  work  by  Malone  and  Paolella  at.al.  [1]  and  [3]  related  to  the 
internal  photovoltaic  effect  in  the  MESFET,  which  gives  rise  to  photoresponse  in  the  device.  In  the  internal 
photovoltaic  effect,  illustrated  in  Fig.  4,  the  absorbed  photons  modulate  the  channel-substrate  barrier,  thereby 
modulating  the  channel  height.  In  effect,  the  light  acts  as  an  “optical  gate.”  We  take  advantage  of  this  effect  to 
mix  an  optical  signal  with  a microwave  signal  in  the  device. 
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Fig.  4 Internal  photovoltaic  effect  in  a GaAs  MESFET.  The  difference  in  doping  level  between  the  epi 
and  substrate  layers  produces  a potential  barrier  in  the  standard  MESFET,  as  shown  in  (a).  When 
illuminated  the  potential  barrier  is  reduced,  as  depicted  in  (b),  thereby  increasing  the  channel  height 
(optical  gate). 
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The  drain-source  current  photoresponse  for  a MESFET  was  measured  as  a function  of  gate-source  voltage. 
The  optical  signal  can  be  derived  from  medium  power  laser  operating  at  850nm.  An  optical  attenuator  controls 
the  power  to  the  MESFET.  The  optical  signal  is  routed  to  the  MESFET  via  a cleaved  output  fiber  positioned 
over  the  MESFET. 

The  measured  results  are  presented  in  Fig.  5.  The  drain  current  photoresponse  is  determined  by  the 
measurement  of  the  drain  current  in  the  dark  and  the  drain  current  under  illumination,  and  is  expressed  as 

1 ph  - /^(illuminated)- Id (dark)  (1) 


Fig.  5 Drain  current  photoresponse  of  the  MESFET  as  a function  of  gate-source  voltage 


The  photoresponse  of  the  drain  current  is  due  to  the  internal  photovoltaic  effect  and  is  given  as 

I r,,  = gmVPk  (2) 

where  gm  is  the  transconductance  of  the  device.  VPh  is  the  optically  induced  photovoltage[I],[14],  which  can 
be  written  approximately  as 

Vpl,=c](L0)P  + c]P{Ljp-l)(L-L0)+...  (3) 

where  L is  the  optical  intensity,  and  L0  is  the  optical  intensity  at  the  operation  point.  The  higher  power  terms 
arc  omitted.  The  coefficients  cj  and  p depend  on  the  specific  MESFET.  To  obtain  the  coefficients,  the 
photovoltage  was  measured  as  a function  of  optical  intensity.  The  measured  relationship  was  approximated 
using  a curve  fitting  method. 

In  Fig.  5 the  maximum  optical  intensity  of  3.5mW  is  used  as  the  OdB  reference,  and  for  each  successive  curve 
the  intensity  is  attenuated  by  3dB.  Under  small  signal  conditions  the  photoresponse  follows  the 
transconductance  (gm)  of  the  device,  which  is.  essentially  constant  with  gate  bias  from  0 to  -0.5V.  The 
photoresponse  is  dominated  by  the  product  of  the  internal  photovoltage  and  g„,  when  no  external  resistance  is 
connected  to  the  gate  (i.e.,  Rg=0).  As  optical  intensity  is  increased,  there  are  contributions  to  the 
pholoresponse  from  the  substrate  photocurrent  and  the  photoconductive  current  in  the  channel.  The  internal 
photovoltage  which  is  an  exponential  function  will  be  large  resulting  in  a significant  photoresponse  well 
beyond  the  pinch-off. 


2.2.  Mixing  mechanism  in  the  MESFET 

The  mixing  effect  is  the  result  of  the  device  nonlinearities.  In  general  all  elements  of  the  internal  equivalent 
circuit  exhibit  some  nonlinearity,  however  the  dominating  factor  is  the  nonlinearity  of  the  drain-source  current 
versus  gate-source  voltage  characteristics.  A small  effect  is  obtained  from  the  nonlinear  gate-source 
capacitance  as  well. 
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The  drain-source  current  is  expressed  as  a power  series  of  the  gate-source  voltage  at  a constant  drain-source 
voltage 

h +«,U' +«,KV  «) 

where  ai,a2  and  a3  are  coefficients  that  depend  on  the  drain-source  voltage  and  ldb  is  the  dc  quiescent  point.  Vgl 
is  the  gate-source  voltage  under  illumination. 

The  effect  of  illumination  on  the  drain-source  current  is  taken  into  account  by  introducing  the  optically 
induced  photovoltage  Vpi,  which  is  dependent  in  the  light  intensity.  Thus  in  case  of  illumination  the  gate- 
source  voltage  is  the  sum  of  the  electrically  applied  voltage  and  the  photovoltage 

vgl  = vs+vpl,.  (5) 

The  lightwave  illuminating  the  device  is  modulated: 

L = L0[  \ + m cos(ry,  t )]  (6) 

where  L0  is  the  average  optical  intensity,  and  (Oi  and  m are  the  modulation  frequency  and  depth,  respectively. 

A microwave  signal  is  simultaneously  applied  across  the  gate  and  source 

Vg  = Kio  cos(a)2t)+  Vgh  (7) 

where  Vso  is  the  amplitude,  oo2  is  the  angular  frequency  of  the  microwave  signal,  t is  the  time,  and  Vgh  is  the 
biasing  gate-source  voltage. 

Thus  the  gate-source  voltage  under  optical  illumination  is  the  sum  of  the  electrically  and  optically  induced 
voltages 

vg,  = Vgb  + VpM  cos(<y,/)+  Vs0  cos (o)2t)  (8) 

where  Vph0  is  the  amplitude  of  the  photovoltage 

vP„o  = clpm(L0)P.  (9) 

The  mixing  product  in  the  drain-source  current  at  the  intermediate  frequency  COj-CO]  is  obtained  by  substituting 
(5)  into  (4) 

1 dmix  ~ a2^p/ioKo  ■ (10) 

For  this  result  we  assume  that  the  second  order  nonlinear  term  of  (4)  is  much  larger  than  the  higher  order 
terms  (i.e.  small-signal  case).  This  simplified  theoretical  derivation  shows  the  dependence  of  the  mixing 
product  in  the  drain-source  current  on  all  the  parameters  of  the  microwave  input  Vs0,  optical  input  L0,  and  m, 
as  well  as  the  device  characteristics,  a2,  c,,  and  p. 

Tire  other  nonlinearities  of  the  device  can  also  influence  the  mixing  product;  however,  their  contribution  is 
small.  Nevertheless,  some  effect  is  obtained  from  the  nonlinearity  of  the  gate-source  capacitance.  The  two 
signals,  i.e.  the  electrically  and  the  optically  induced  signals  are  mixed  in  the  nonlinear  gate-source 
capacitance  and  then  they  are  amplified  due  to  the  transconductance  of  the  device.  The  capacitive  mixing 
product  in  the  drain-source  current  is  expressed  as 

^ dmixl  cap  ~ ^ c KxO  ^p/iO  ^ 00 

where  a is  a coefficient  presenting  the  part  of  the  optically  induced  voltage  VPh  which  effects  the  gate-source 
capacitance,  and  cc— dCsJdVs  being  the  derivative  of  the  gate-source  capacitance  with  respect  to  the  gate- 
source  voltage.  The  parameter  cc,  represents  the  part  of  the  photovoltage  which  influences  the  gate-to-source 
capacitance.  That  influence  was  measured  and  a curve  fitting  method  was  used  to  obtain  cc.  The  parameter  a 
was  estimated  based  on  the  construction  of  the  FET  used.  The  mixing  products  in  the  drain-source  current  are 
presented  in  Fig.  6 based  on  the  measurements  performed  recently  to  determine  the  elements  of  the  MESFET 
under  optical  illumination  [1],  In  Fig.  6 the  conversion  ratio  is  plotted  with  and  without  capacitive  mixing  as  a 
function  of  the  gate-source  voltage.  The  conversion  ratio  is  defined  as 

Cl'  = 1 dmix  / Ko  Vph0.  (12) 

As  seen  in  Fig.  6 the  contribution  of  the  nonlinear  gate-source  capacitance  is  quite  small.  Some  noticeable 
effect  is  only  observed  around  the  minimum  conversion  ratio  where  the  drain-source  current  nonlinearity 
produces  a small  mixing  product. 
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Fig.  6 Conversion  ratio  as  a function  of  the  gate-source  voltage  with  and  without  capacitive  mixing 


2.3.  Comparison  of  “direct”  and  “indirect”  mixing 

There  are  two  basic  experimental  setups  concerning  the  MESFET  as  an  O/E  up-  or  down-converting  front-end 
in  the  optical  receiver.  In  an  “indirect”  mixing  configuration  (Fig.  7),  the  MESFET  serves  as  a detector  for  the 
optical  signal  and  the  up-  or  down-  conversion  is  performed  in  a conventional  Schottky  barrier  mixer. 
However,  by  taking  advantage  of  the  inherent  nonlinearities  of  the  MESFET,  both  detection  and  frequency 
conversion  of  the  modulated  optical  signal  can  be  achieved  in  the  device.  This  direct  mixing  approach,  shown 
in  Fig.8,  is  in  the  focus  of  this  note. 

In  both  of  the  setups  of  Fig.  7 and  8 an  850nm  wavelength  laser  can  be  used.  This  wavelength  is  defined  by 
the  photosensitivity  of  the  GaAs.  The  light  is  directly  modulated  by  the  RF  Source  1 and  positioned  on  the 
gate  fingers  of  the  MESFET.  In  case  of  commonly  used  microwave  transistors,  the  device  should  operate  with 
a reverse  bias,  for  example  with  0.5  volt  at  the  gate  and  a drain-to-source  voltage  of  2 volts.  As  shown  in  eq.  9 
and  10,  the  IF  or  the  upconverted  term  of  the  drain  current  is  dependent  on  the  optical  modulation  depth  m. 

For  the  indirect  mixing  configuration,  shown  in  Fig.  7,  the  MESFET  was  used  as  an  optical  detector.  The 
detected  signal  from  the  MESFET  was  mixed  with  the  signal  from  RF  Source  2 in  an  additional  mixer.  As  a 
baseline  of  comparison,  indirect  mixing  can  also  be  accomplished  with  a PIN  photodetector  in  place  of  the 
MESFET  (the  conventional  optical  detection  followed  by  microwave  mixing). 

For  the  direct  mixing  configuration,  in  addition  to  the  optical  input,  a signal  from  RF  Source  2 was  applied  to 
the  gate  of  the  device  and  the  IF  output  was  measured  at  the  drain  using  a spectrum  analyzer  with  an 
appropriate  resolution. 


2 A.  Experimental  mixing  results 

As  an  example  there  are  some  experimental  mixing  results  for  direct  mixing  with  MESFET  as  an  opto- 
microwave  mixer  and  for  indirect  mixing  accomplished  with  p-i-n  photodetector  and  a Schottky  barrier  mixer. 
The  MESFET  in  the  example  [1]  is  an  ITT  GTC213-1  with  four  75(im  wide  gate  fingers,  a gate  length  of 
0.8pm  and  a dopant  concentration  of  3xl017  cm'3.  The  device  was  operated  with  a reverse  bias.  For  the  direct 
mixing  approach,  the  signal  from  an  850nm  wavelength  laser  with  an  8GHz  bandwidth  was  directly 
modulated  by  an  RF  source  and  conveyed  to  the  MESFET  by  an  optical  fiber.  To  maximize  the  IF  response, 
100%  modulation  depth  was  used  on  the  laser,  which  has  an  average  optical  output  power  of  1.8mW. 


Fig.  8.  Direct  mixing  configuration 


The  results  of  optical  mixing  with  MESFET  and  the  conventional  detection  and  mixing  with  a p-i-n  diode  and 
an  additional  mixer  are  depicted  in  Fig.  9.  The  p-i-n  photodetector  had  a 10GHz  bandwidth,  a responsivity  of 
35mA/mW  and  a diameter  of  25pm.  The  p-i-n  operates  in  this  example  with  a reverse  bias  of  8 V. 


Fig.  9 IF  response  of  the  two  mixing  configurations 

In  that  results  of  [I]  IF  response  of  the  MESFET  exceeds  that  of  p-i-n/Schottky  mixer  combination  up  to  an 
RF  frequency  of  about  700MHz.  The  IF  response  emulates  the  photoresponse  spectrum  of  the  device  with  a 
conversion  loss  in  range  of  7-1  ldB.  Under  the  same  conditions  the  Schottky  mixer  had  a conversion  loss  in 
the  range  of  4-10dB  (Sec  Fig.  10).  Clearly,  as  these  results  show,  the  MESFET  can  be  used  as  mixer  with 
optical  and  microwave  inputs.  Depending  upon  the  particular  application,  the  data  may  be  an  optical  signal 
and  the  local  oscillator  an  electrical  signal,  or  vice  versa. 

The  dependence  of  the  IF  response  of  the  device  on  the  average  incident  optical  power  and  the  RF  drive 
power  to  the  laser  is  shown  in  Fig.  1 1.  The  slope  of  the  lines  indicates  that  a ldB  decrease  in  optical  power 
incident  on  the  device  translates  into  a 2dB  decrease  in  the  IF  response,  as  expected  with  square  law  behavior. 
The  figure  also  indicates  that  the  IF  response  decreases  linearly  with  RF  drive  power  to  the  laser  (modulation 
depth).  The  conversion  response  of  the  MESFET  is  also  strongly  dependent  on  the  gate  bias  voltage.  A plot  of 
the  IF  response  versus  source-gate  voltage  at  various  RF  frequencies  is  shown  in  Fig.  12.  The  IF  response  is 
maximized  when  the  gate  is  reverse  biased  at  around  0.5V,  which  is  also  the  bias  voltage  at  which  the 
transconductance  of  the  device  is  maximized.  Larger  reverse  bias  voltage  on  the  gate  decreases  the  IF 
response  significantly  due  to  a reduction  in  the  gain.  However,  at  bias  voltages  larger  than  1.8V  the  IF 
response  increases  again.  This  is  most  likely  due  to  the  voltage  dependence  of  the  nonlinear  coefficient  a?. 

The  system  noise  figure  is  presented  in  Fig.  13  as  a function  of  the  RF  frequency.  In  the  figure  3 curves  are 
plotted:  one  for  the  p-i-n/Schottky  mixer  configuration  and  two  for  the  MESFET  with  different  bias  voltages. 
The  noise  is  significantly  smaller  with  a bias  voltage  close  to  pinch-off  because  then  the  drain-source  current 
is  also  smaller.  As  seen  the  system  noise  figure  below  1000MHz  is  smaller  in  the  case  of  the  MESFET  than 
with  the  p-i-n/Schottky  mixer  configuration  if  a bias  voltage  close  to  pinch-off  is  used.  However,  the  system 
noise  figure  above  1000MHz  is  higher  in  the  case  of  the  MESFET  compared  to  the  p-i-n/Schottky  mixer 
setup. 


2.5.  Comparison  of  dynamic  properties  of  detection  and  mixing,  by  FET  devices 


According  to  the  detection  measurements  of  Berceli  et.al.  [5]  by  FET  devices,  the  detected  signal  exhibits  a 
decay  with  increasing  modulation  frequency.  The  decay  is  relatively  slow  at  low  modulation  frequencies.  The 
measurement  result  is  in  accordance  with  the  recently  published  theoretical  and  experimental  investigations. 


RF  Frequency  (MHz) 

Fig.  10  Photo-  and  IF  response  of  the  MESFET 


Fig.  12  IF  response  of  the  MESFET  versus 
source-gate  voltage 


4 6 8 

Optical  Attenuation  (dB) 

Fig.  11  IF  response  of  the  MESFET  versus 
optical  attenuation  at  various  RF  drive  levels. 
The  incedent  optical  power  to  the  MESFET  is 
1.8mW. 


PIN  mixer 


RF  Frequency  (MHz) 

Fig.  13  System  noise  figure  as  a function  of 
the  RF  frequency 
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The  next  question  is  whether  the  dynamic  properties  in  the  detection  mode  and  in  the  conversion  mode  of 
operation  are  the  same. 

In  the  tests  investigating  the  dynamic  properties  of  opto-microwave  mixing  by  FET’s,  both  the  optical  and 
microwave  gates  are  driven  by  signals.  Between  the  gate  and  source  a microwave  signal  is  applied  while  the 
intensity  modulated  signal  of  a semiconductor  laser  diode  is  used  to  illuminate  the  active  device.  The 
.frequency  dependence  is  different,  the  decay  in  the  converted  signal  is  much  higher  at  low  modulation 
frequencies,  and  it  is  more  pronounced  with  increasing  modulation  frequency  compared  to  the  frequency 
response  of  the  detected  signal. 

Another  significant  deviation  is  that  the  decrease  in  the  converted  signal  is  proportional  to  modulation 
frequency,  however,  the  decrease  in  the  detected  signal  is  developed  slowly  when  the  modulation  frequency  in 
increasing.  The  reason  of  the  differences  in  the  dynamic  characteristics  is  the  following. 

In  the  detection  mode  of  operation  the  optically  generated  charge  carriers  are  contributing  to  the  detected 
electric  current  in  both  depletion  regions  below  the  gate  and  between  the  substrate  and  the  epitaxial  layer  by 
changing  the  height  of  the  conductive  channel.  Beside  that  effect  the  charge  carriers  generated  in  the  substrate 
are  also  participating  in  the  detected  current.  Therefore,  the  frequency  dependence  of  the  detected  signal  is 
determined  by  the  conductive  channel  and  the  substrate  currents. 

On  the  other  hand,  in  the  mixing  mode  of  operation  the  contribution  of  the  substrate  current  in  the  generation 
of  the  mixing  product  is  negligible  because  in  the  substrate  there  is  neither  a nonlinear  nor  a parametric  effect. 
The  mixing  products  are  created  mainly  in  the  conductive  channel.  This  way  their  power  level  is  somewhat 
lower  and  their  frequency  dependence  is  higher.  There  are  two  reasons  for  it:  the  time  constant  exhibited  by 
the  depletion  region  between  the  substrate  and  the  epitaxial  layer  and  optically  induced  substrate  current 
which  is  increasing  with  the  modulation  frequency  and  doesn’t  contribute  to  the  mixing  effect. 

2.6.  Single  sideband  optical -microwave  mixers 

As  mentioned  in  section  2.2  the  mixing  product  in  the  drain-source  current  at  the  difference  of  the  input 
frequencies  (co^-coi ) is: 

I dmis-  ~ a2^ plt<y x 0 03) 

The  mixing  product  in  the  drain-source  current  at  the  sum  of  the  input  frequencies  (C0|+C0:)  is  obtained  as 
follows  [4]: 

W V,o  04) 

Vs0  is  the  complex  amplitude  and  Vs0’  is  the  conjugate  of  the  complex  amplitude  of  the  microwave  signal 
applied  across  the  gate  and  source.  Vpho  is  the  amplitude  of  the  photovollage. 

Comparing  these  equations  it  can  be  seen  that  there  is  a phase  difference  between  the  mixing  product  current 
amplitudes  I,imiv  and  Idm;x.,  because  of  the  conjugation  of  the  microwave  signal  amplitude  in  the  second  case. 
That  makes  possible  to  construct  a single  sideband  optical-microwave  mixer  arrangement  if  two  mixers  are 
applied  in  the  two  branches  of  a hybrid  and  90°  phase  difference  is  established  between  the  outputs  of  the 
hybrid  driving  the  mixers  by  the  microwave  signal.  Due  to  the  conjugation  of  the  microwave  signal  the  mixers 
will  provide  180°  phase  shift  in  the  mixing  product  current  amplitudes  which  makes  possible  their  separation 
by  another  hybrid.  A switch  is  used  for  choosing  the  right  mixing  product  for  further  signal  processing. 

The  principle  of  the  single  sideband  optical-microwave  mixer  is  presented  in  Fig.  14,  [4], 

For  the  subcarrier  type  signal  reception  an  important  requirement  is  the  high  suppression  of  the  image 
frequency.  This  is  achieved  if  the  mixing  products  in  the  two  branches  are  of  equal  amplitude  with  a 180° 
phase  difference.  However,  both  the  amplitude  and  the  phase  of  the  mixing  product  are  frequency  dependent. 
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Fig.  14  Block  diagram  of  the  new  single  sideband  optical-microwave  mixer 


3.  Optical-microwave  double  mixing  by  PIN  diodes 


The  commonly  used  optical  receivers  apply  mainly  photo-diodes  to  detect  the  optical  intensity  modulated  signal.  A 
relatively  high  sensitivity  is  achieved  by  properly  matched  transimpedance  or  distributed  amplifiers. 

In  another  method  the  modulated  optical  signal  is  mixed  with  a microwave  signal  in  the  photodiode  producing  an 
intermediate  frequency  signal.  Thus,  heterodyne  type  reception  is  feasible.  However  the  mixing  conversion  has  a higher 
loss  compared  to  the  direct  detection. 

In  the  double  optical  microwave  mixing  approach  the  conversion  loss  is  much  less  than  that  of  direct  detection  offering  a 
significant  improvement  in  the  reception  sensitivity.  The  mixing  product  is  even  further  increased  by  resonance 
enhancement  providing  20dB  improvement  in  comparison  to  direct  detection. 

3.1.  Double  mixing  principle 

This  method  of  Berceli  and  Jaro  [7]  utilizes  simultaneously  two  effects:  a direct  and  an  indirect  mixing  of  the  modulated 
optical  signal  and  the  microwave  local  oscillator  signal.  For  direct  mixing  the  bias  is  chosen  close  to  the  zero  voltage 
where  the  photo  current  is  highly  dependent  on  both  the  illumination  intensity  and  applied  voltage.  Therefore  the  mixing 
product  is  high.  At  the  same  time  a detection  of  the  optical  signal  is  also  obtained  which  produces  a detected  signal  in  the 
base  band.  If  this  signal  is  reflected  back  to  the  photodiode  it  will  also  be  mixed  with  the  microwave  local  oscillator 
signal.  Thus  the  output  signal  is  the  resultant  of  two  mixing  procedures:  an  optical-microwave  and  an  electrical  mixing 
(after  optical  detection). 

The  double  mixing  approach  [7]  is  experimentally  presented  utilizing  a 1A358  type  CATV  p-i-n  photodiode.  The  setup 
of  optical-microwave  circuit  is  shown  in  Fig.  1 5.  " 


Fig.  15  Optical-microwave  mixing 
setup 
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Fig. 16  Measured  DC  characteristic  of 
the  pin  photodiode 
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The  embedding  circuit  can  be  optimized  for  detection  or  mixing.  The  dc  characteristics  of  the  p-i-n 
photodiode  is  shown  in  Fig.  16.  Here  the  detected  photocurrent  is  plotted  as  a function  of  the  bias  voltage  for 
different  illumination  intensities.  As  seen  close  to  the  zero  voltage  bias  point  the  curvature  of  the 
characteristics  exhibits  a maximum.  At  this  bias  voltage  the  dependence  of  the  photo-current  on  the  light 
intensity  is  also  maximal.  This  coincidence  ensures  the  high  mixing  product  in  the  double  mixing 
approach.The  p-i-n  photodiode  is  embedded  into  a microwave  circuit  where  the  detected  base  band  signal  is 
reflected.  The  photo  diode  is  driven  by  a microwave  local  oscillator  signal  and  at  the  same  time  it  is 
illuminated  by  an  intensity  modulated  optical  signal.  The  result  is  presented  in  Fig.  1 7. 

Here  the  mixing  product  is  depicted  as  a function  of  the  bias  voltage.  The  frequency  of  the  applied  local 
oscillator  was  3GHz  and  the  modulation  frequency  of  the  intensity  modulated  optical  signal  was  540MHz.  As 
seen,  about  lOdB  mixing  gain  can  be  achieved  biasing  the  photodiode  close  to  zero  voltage. 


V rrttrw4>n>  fVJ 


Fig. 17  Measured  power  level  of  the 
upconverted  signal  versus  the  reverse 
bias  voltage  (parameter  is  the  LO  power) 


Fig.  18  Measuremtn  setup  for  resonant 
mixing  using  a “transmission  setup” 


3.2.  Resonant  enhancement 

For  further  improvement  the  resonant  enhancement  method  can  be  utilized.  The  base  band  and  the  microwave 
band  arc  separated  by  a branching  filter  as  shown  in  Fig.  18.  The  reflection  in  the  base  band  can  be  adjusted 
using  a sliding  short  circuit  (varying  inductance).  This  way  the  mixing  product  is  enhanced  in  a narrow  band. 
The  spectrum  of  the  upconverted  signal  is  plotted  in  Fig.  19. 

In  the  investigations  by  [7],  the  frequency  of  the  local  oscillator  is  2GHz,  the  photodiode  is  biased  at  -0.2V 
and  the  series  capacitor  is  4.7pF.  With  these  settings  there  is  a resonant  peak  around  50MHz  as  shown  in  the 
figure. 


Fig.  19  Measured  power  level  of  the 
upconverted  signal  (parameter  is  the  LO 
power)  (transmission  setup) 


Frequency,  MHz 


Fig.  20  Measured  power  level  of  the 
detected  sigal  in  resonant  condition 
(parameter  is  the  reverse  bias  voltage) 
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The  resonance  can  be  measured  at  base  band  too.  The  measured  detected  spectrum  at  base  band  is  shown  in 
Fig.  20  at  different  bias  voltages.  The  peak  of  the  detected  spectrum  is  only  an  attenuated  signal  after  the 
series  capacitor  of  the  resonator.  For  comparison  Fig.  21  shows  the  upconverted  spectrum  using  the  same 
configuration  setup  without  resonator  subcircuit.  In  this  case  the  embedding  circuit  was  optimized  for 
detection.  Comparing  the  curves  of  the  Fig.  19  and  21  the  effect  of  the  resonance  can  be  seen. 


Fig.  21  Measured  power  level  of  the  upconverted  signal  without  resonator  (parameter  is  the  LO 
power) 


4.  Frequency  conversion  methodes  by  optical  interferometer  and  photodiode 

According  to  [10],  there  is  a comparison  of  the  performance  of  two  different  optoelectronic  configuration, 
both  used  for  frequency  conversion  in  the  microwave  frequency  range,  in  the  firs  case,  mixing  is  achieved  by 
a Mach-Zehnder  (MZ)  interferometer,  while  in  the  second  case,  photodiode  mixing  is  presented. 

4.1.  Mixing  with  UMZ/PD 


In  the  firs  case,  the  optical  system  used  for  microwave  mixing  is  a distributed  feedback  (DFB)  laser  diode 
(LD)  directly  modulated  by  two  microwave  frequencies,  f (fLO  corresponding  to  the  LO  signal)  and  f2  (in  this 
case,  fftf)  followed  by  an  unbalanced  MZ  (UMZ)  and  a photodetector  (PD).  The  system  is  shown  in  the  upper 
portion  of  Fig.  22. 

The  basic  principle  is  the  nonlinear  (sinusoidal)  intensity  response  of  the  UMZ  interferometer/PD  combination 
as  a function  of  the  frequency  of  the  optical  field.  Direct  modulation  generates  FM,  which  is  then  converted  to 
AM  using  the  UMZ  interferometer  working  in  the  coherent  regime.  The  PD  detects  the  optical  intensity  which 
is  a quadratic  function  of  the  optical  field,  so  frequency  mixing  is  obtained.  The  originality  of  this  solution  is 
the  use  of  a passive  optical  device  inserted  in  the  optical  link  which  generates  mixing  with  better  conversion 
than  classical  solutions  using  active  MZ  modulators. 


fur 


MZ 


Fig.  22  Optical  systems  used  for  optical 
microwave  mixing 
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Considering  a linear  LD  operating  regime  and  neglecting  AM,  the  intensity  at  the  output  of  the  interferometer, 
with  delay  time  x between  both  arms  is  given  by 

/(/)  = jl  + V(t)cos 

where  (3j.2  is  the  FM  index,  co(.2  is  the  angular  modulation  frequency,  and  V(x)  reflects  the  loss  of  choerence 
between  electric  field  in  both  arms  of  the  interferometer.  In  the  coherent  working  regime  V(t)=l  and  in  the 
incoherent  regime  V(t)=0.  As  can  be  deduced  from  the  equation,  in  the  coherent  working  regime,  when  the 
interferometer  is  balanced  on  bright  or  dark  fringe,  i.e.,  when  cos(2Jtv0t)=±I  (condition  1),  the  rsulting 
intensity  is  generated  at  harmonics  and  intermodulation  products  of  even  order,  and  in  particular,  at  the  mixing 
frequency  f1K.  Condition  1 is  then  the  first  condition  to  obtain  the  best  mixing  at  frequency  f)F 
To  be  optimized,  the  output  spectrum  of  the  optical  intensity  must  exhibit  the  maximum  power  of  the  mixing 
frequency  and  the  minimum  power  of  the  input  frequencies.  This  second  condition  (condition  2)  is  fulfilled 
when 

fl=(2k  + l)^f-  (.6) 

and 

fi  = (2&  + 1 ,(k,k  )e  N2  (17) 

where  FSR=l/x=c/(ncffAL).  Therefore,  fr-fi  must  be  as  close  as  possible  to  a multiple  of  the  free  spectral  range 
(FSR).  For  given  input  microwave  frequencies,  the  AL  must  be  chosen  to  match  these  two  conditions. 

The  response  at  the  PD  output  is  periodic  with  the  input  frequencies,  which  means  that  the  device  does  not 
optimally  work  for  all  frequencies  but  for  particular  frequencies  in  any  frequency  range.  Within  a period,  the 
3dB  bandwidth  approximates  FSR/2.  However,  in  some  applications,  it  is  advantageous  since  the  UMZ  acts  as 
a microwave  filter  too. 

4.2.  principle  of  Optical-Microwave  mixing  by  photodiodes 

The  optoelectronic  system  explored  for  opto-microwave  mixing  is  shown  below  the  UMZ/PD  system  in  Fig. 
22.  The  mixing  was  analyzed  based  on  the  dc  characteristics  at  different  optical  intensities  illuminating  the 
device.  To  achieve  good  detection,  the  PD  is  used  in  its  linear  regime  where  the  applied  reverse  bias  is  usually 
several  volts.  However,  even  in  this  regime  a noticeable  nonlinearily  is  present  at  higher  light  injection  levels. 
Simultaneously  injecting  a microwave  signal  at  the  electrical  port  of  the  PD  and  a modulated  optical  signal 
results  in  the  mixing  of  the  two  signals.  The  optimal  bias  points  for  efficient  mixing  and  for  efficient  detection 
are  significantly  different.  The  mixing  process  is  explained  as  a result  of  the  nonlinearity  of  the  PD  current- 
voltage  relationship.  Due  to  the  fact  that  the  characteristics  exhibit  the  maximum  nonlinearity  in  the  vicinity  of 
OV,  it  is  the  optimal  operation  point  for  efficient  mixing.  Nonlinearity  of  the  PD  generates  several  mixing 
products  of  the  microwave  driving  signal  fLo  and  of  the  photo-induced  signal  fIF.  By  injecting  an  LO  signal 
fLO>fiF.  the  detected  optical  signal  is  upconverted. 

Fig.  23  represents  the  voltage  dependence  of  the  detection  and  of  the  mixing  products  at  fro+fiF-  In  this 
experiment,  fLo=3GHz  was  used  and  the  light  was  intensity  modulated  by  fiF=150MHz.  Optimal  detection  is 
achieved  by  high  reverse  bias  and  a plateau  is  observed  at  bias  points  VpD<0.  In  the  absence  of  electrical 
excitation,  the  power  of  the  second  harmonic  was  considerably  small,  taken  into  account  also  the  contribution 
of  the  modulator  part.  However,  the  most  efficient  mixing  is  obtained  at  a bias  close  to  VPD=+0.3V,  having  a 
sharp  optimum.  Conversion  loss  of  the  electro-optical  mixing  process  is  defined  as  the  ratio  of  the  power  at  f1F 
(using  the  PD  in  its  linear  regime  as  a PD)  and  of  the  signal  levels  at  fLo±f|F  frequencies  upconverted  by  the 
PD  nonlinearity. 
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Fig.  23  Voltage  dependence  of  the  detected  power  and  of  the  upper-sideband  mixing  product. 


4.3.  Experimental  results  with  UMZ/PD 

Measurements  were  made  in  [10]  with  a DFB  LD  emitting  at  A.=  1300nm.  having  an  I,h=T3mA  and  a maximal 
oscillation  frequency  of  2.5GHz.  The  dc-bias  current  was  22mA  and  the  optical  power  coupled  in  the 
interferometer  was  420pW. 

To  operate  in  the  coherent  regime  as  wanted,  the  UMZ  was  realized  using  only  two  connectorized  -3dB  fiber 
directional  couplers.  In  this  case,  AL=1.6cm,  which  corresponds  to  FSR=13GHz. 

The  LO  frequency  was  FLo=l-9GHz,  with  a power  of -4dBm.  The  other  modulation  frequency,  fRF  was  swept 
from  2 to  2.5GHz  and  had  a power  of -1 8dBm.  Fig.  24  shows  the  power  spectrum  of  the  intensity  detected  by 
the  PD  and  measured  by  a spectrum  analyzer.  In  Fig.  24,  the  lower  sideband  of  the  mixing  product,  fi.o-fRF,  as 
well  as  the  third  order  intermodulation  product,  was  significantly  increased  by  inserting  the  UMZ.  However, 
the  input  frequencies  fLo  and  fRF  are  not  rejected.  In  fact,  to  obtain  an  optimal  rejection  of  the  fundamentals, 
condition  1 should  first  be  fulfilled,  which  was  not  the  case  under  the  conditions  of  operation.  The  relative 
optical  phase  shift  between  the  two  arms  is  very  sensitive  to  ambient  variations,  and  during  the  experiments 
the  operating  regime  continuously  varies  between  minimum  and  maximum  transmission  including  the 
quadrature.  Secondly,  the  closer  f]  would  be  to  FSR/2=6.5GHz,  the  larger  the  rejection  would  be,  and  here 
fi=fL0=l-9GHz  (limitation  due  to  the  LD) 


Pmix,  Pdet  [dBm] 


Plo,  Pmix  [dBm] 


Fig.  24  Power  spectra  of  detected  signals 
with  and  without  UMZ 


Fig.25  Levels  of  first  and  second  harmonic 
mixing  as  a function  of  PL0,  m=25%(MIN),  and 
m=75%(MAX) 
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4.4.  Experimental  results  with  PD 

Investigating  the  frequency  conversion,  a PD  was  illuminated  by  a DFB  laser  according  to  [10].  The  LO 
signal  was  fed  to  the  PD  through  a wide-band  circulator  or  a directional  coupler  separating  the  LO  input  and 
the  RF  output.  No  amplifier  was  used  to  avoid  additional  nonlinearities. 

Fig.  25  shows  the  first  and  second  harmonic  mixing  of  f)F  and  fro  frequencies  as  a function  of  the  injected  LO 
power  measured  by  a spectrum  analyzer.  The  LO  frequency  was  fL0=3GHz  while  the  optical  intensity  was 
modulated  by  fiF=150MHz.  The  driving  LO  signal  reflected  at  the  PD  is  shown  as  well.  A slight  saturation 
effect  is  observed  at  PLo  close  to  OdBm  and  a proportional  increase  of  the  mixing  products  is  shown  for 
greater  optical  modulation  depth  (OMD).  Results  of  Fig.  25  demonstrate  the  interest  of  exploring  the 
generation  of  second  or  higher  harmonics  for  mixing  purposes,  it  can  find  applications  in  systems  where  the 
LO  is  received  from  a remote  site.  Using  subharmonically  pumped  mixing,  only  the  subharmonic  of  the  LO 
signal  has  to  be  transmitted. 


4.5.  Comparison  of  the  two  methods 

The  principle  of  the  frequency  conversion  is  different  in  the  presented  methods.  In  the  first  case,  the  fLo  and 
fRr  signals  are  optically  converted  by  FM,  mixed  by  UMZ,  and  transmitted.  Applications  are  at  the  emission 
side  of  a fiber-optic  link.  In  the  second  case,  mixing  is  realized  at  the  reception  of  the  optical  link.  Only  the 
frequency  f)F  is  transmitted  by  optical  IM. 


5.  Summary 


In  this  notes  a short  recapitulation  of  optical-microwave  frequency  conversion  techniques  was  given.  Optical- 
microwave  signal  processing  and  optical-microwave  mixing  is  one  of  the  most  important  fields  of  research 
regarding  todays  and  future  optical-wireless  networks  and  local  area  networks. 

We  analyzed  a wide  spectrum  of  potential  solutions  depending  on  up-  or  down-conversion  and  on  different 
device  structures,  such  as  MESFETs,  p-i-n  diodes,  unbalanced  Mach-Zehnder  Interferometric  modulators. 

On  the  basis  of  the  widespread  references  it  is  possible  to  make  further  investigations  in  the  field. 
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